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(1) 对 C5H6X(X=Si,Ge)而言，主要产物是苯乙烯的苯基与 X(X=Si,Ge)原子处于间
位的[4+2]加成产物，反应是动力学控制的。这与现有的实验和理论结果相符。 
(2) C5H6Si/苯乙烯：与已报道的“协同机理”不同的是，分步机制完全可行且相当
具有竞争力。基于 Si-C 单 σ 键双自由基中间体的易于形成，由重叠构象的中
间体闭环至[4+2]产物的分步路径是 优的(比协同活化能垒低 1.0 kcal/mol)，经
由此中间体的[2+2]的分步反应也比较占优势。C5H6Ge/苯乙烯：无 Ge-C 单 σ
键双自由基中间体，协同的[4+2]加成远远优于[2+2]加成过程。C6H6/苯乙烯加
成反应都是吸热的，且协同的[4+2]及分步的[2+2]过程的活化能垒都很高。 
(3) C5H6X(X=C,Si,Ge)/苯乙烯环加成反应的活性顺序为：C5H6Si >C5H6Ge >>C6H6，
这主要是由于 X=C(X=Si,Ge）π 键的键能远弱于 C=C π 键。C5H6X(X=Si,Ge)
的更大的极化率、更低的垂直电离能、C5H6X(X=Si,Ge)与反应物的更低的
















(1) C5H6X(X=Si,Ge)以 X=C(X=Si,Ge)烯基与 DMB 进行[2+4]环加成至面外的椅式
产物的路径，是 C5H6X(X=Si,Ge)/DMB 的 优反应路径；而[2+4]加成至面内
的船式产物的反应也颇具竞争力；其次为 C5H6X(X=Si,Ge) 以 X=C-C=C(X=Si, 
Ge)双烯基参与的[4+2]环加成的过程。其中，C5H6Si/DMB 是以分步机理进行

























Owing to their unique reactivity and promising applications in not only 
physical organic chemistry but also synthetic chemistry and material sciences, 
extensive attention has been paid to the aromatics of heavier group 14 
elements. Despite that spectroscopic evidences suggested they have similar 
aromaticity to aromatic hydrocarbon compounds, they were found to be highly 
reactive and readily occur cycloadditional reactions toward various organic 
reagents. Yet previous theoretical investigations on their cycloaddition 
reactions were exclusively focused on concerted mechanisms. This 
dissertation is devoted to explore both the concerted and the stepwise biradical 
mechanism as well as the selectivity for cycloadditions of dienophile (or diene) 
and C5H6X(X=Si,Ge) using density functional theory (DFT) at 
B3LYP/6-31G* level, meanwhile in contrast to the corresponding reactions of 
C6H6, and to uncover the inherent reason of high reactivity. The following 
conclusions can be drawn: 
Ⅰ. Mechanism for cycloadditions of styrene and C5H6X(X=Si,Ge,C):  
(1) Reaction of C5H6X(X=Si,Ge)/styrene were kinetically controlled resulting 
in the main [4+2] cyclic adducts with the phenyl of styrene meta-oriented to 
X(X=Si,Ge). It coincided with the existing experimental and theoretical data. 
(2) As for C5H6Si/styrene, disagreed with the reported concerted conclusion, 
the biradical stepwise pathway was viable and competive. Benefited from the 
feasible formation of the Si-C momo-σ bonded gauch-in diradical intermediate, 
the optimal pathway is predicted to be stepwise biradical [4+2] cycloaddition, 
with lower barrier by 1.0 kcal/mol than the concerted one. The stepwise [2+2] 
channels via the same intermediate were also feasible and competitive. To 
C5H6Ge, no Ge-C momo-σ bonded diradical intermediate was located, and 
concerted [4+2] reactions favored over [2+2] paths both thermodynamically 
and kinetically. Reactions of C6H6/ styrene were endothermic, with high 















(3) The priority-ranked activities can be concluded as: C5H6Si>C5H6Ge>> 
C6H6，which may be attributed to the weaker bond energies of X=C(X=Si,Ge) 
π bond than C=C π bond. In addition, the larger polarizability and the lower 
vertical ionization energy of C5H6X(X=Si,Ge), as well as the lower HOMO/ 
LUMO gap of C5H6X(X=Si,Ge)/Styrene all explained their higher reactivity 
than C6H6.  
Ⅱ. Cycloaddition chemistry of C5H6X(X=Si,Ge,C) and 2,3-dimethy-l,3-buta- 
diene(DMB): 
(1) C5H6X(X=Si,Ge)/DMB: The exo [2+4] cycloaddition between X=C(X=Si, 
Ge) double bond of C5H6X(X=Si,Ge) and DMB resulting favored chair-like 
adducts was the most facile pathway, with the endo [2+4] cycloadditions 
competitive. And the [4+2] cycloaddition of C5H6X(X=Si,Ge)/DMB adopting  
X=C-C=C(X=Si,Ge) group of C5H6X(X=Si,Ge) was also facile. C5H6Si/DMB 
adopted stepwise channel for all the reactions above via the closure of the Si-C 
mono-σ bonded diradical intermediate, while the C5H6Ge/DMB proceeded in 
asynchronous concerted mechanism. Both the [2+2] and [4+4] cycloadditions 
were stepwise process via the X=C(X=Si,Ge) mono-σ bonded diradical 
intermediate. The priority-ranked thermostability of all cyclic adducts can be 
summarized as: [2+4]>[4+4]> [4+2] and [2+2].  
(2) Cycloadditions of C6H6/DMB were endothermic, and the most facile 
pathway was the exo synchronous concerted [2+4] closure to chair-like adduct, 
with only a little higher barrier than corresponding reactions of C5H6X(X=Si, 
Ge)/DMB. But the activation energies of both the endo concerted [2+4] and 
[4+2] reactions, as well as the diradical stepwise [2+2] and [4+4] process via 
C-C bonded momo-σ bonded diradical intermediates, were very high.  





























, 7-15]（如图Fig 1.1），即含一个或多个X(X=Si、Ge、Sn、Pb)原子的[4n+2]环状 
π 键体系，更是引起科学家的大量关注。通过引入一种非常有效的立体保护基团Tbt，
实验科学家已成功合成并分离出稳定的Tbt取代的硅、锗芳香化合物，如： 简单的 6π 
电子体系（Fig 1.1 A）硅苯[8-9]和锗苯[4,7]；10π 电子体系（Fig 1.1 B）1-硅萘[10]、2-






















盾激起了科学家的极大兴趣。下面以 简单的 6π 电子体系（硅苯及锗苯）为例，详
细介绍第14族芳香化合物的结构和性质。 
 
§ 1.1 硅苯及锗苯的结构与性质 
 
§  1.1.1 结构分析   
X 射线晶体分析[4, 7-9]发现（Fig 1.2），硅苯(1a)和锗苯(2a)都具有一个平面芳香环，
且中心的 Si、Ge 原子都为三角形平面，C-C 键长与苯[21]接近, 介于单键与双键之间；
而 29SiNMR、1HNMR 和 13C NMR 分析[4,7-9]发现 1a 环上的 Si 原子以 sp2杂化，1a 与
2a 环上质子与 C 原子的 NMR 化学位移均处在芳香区域。这些结果都表明了 1a 与 2a
的 π电子离域效应及芳香性。实验观测及计算发现 Tbt 几乎垂直于芳香环平面，它对


















同时，B3LYP 理论计算[4,7-9]的以 R(R=H, Ph, Me, Tbtx)取代 Tbt 的硅苯及锗苯的
结构参数，与 X 射线晶体分析的 1a 和 2a 的结构参数很相符；以 H 取代 Tbt 的硅苯
(C5H6Si) 的电子光谱的计算数据[12]也与实验测得的 1a[7-9]的 UV-Vis 光谱非常相似。
这些都说明大基团 Tbt 对芳香环的立体效应及电子影响都非常小。另外，Tokitoh 等[7]
用苯基及 Mes-代替 Tbt，通过改变取代基与硅环平面的二面角，对硅苯的不同构型进
行理论计算，发现 稳定和 不稳定构型的能量相差都不大且相对稳定，Si=C 的键长
在 1.7752~1.7755Å 之间，表明共轭效应对硅芳香环的影响并不大。因此，综合立体和
电子因素的考虑，用 H 取代 Tbt 的 简单的硅苯和锗苯，即 C5H6X(X=Si,Ge) ——将
作为本文中的研究模型。 
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